. (a) Dispersion relation for a pinch waveguide, and (b) crosssection of the electric-field amplitude in the pinch region (upper) and power density distributions for the dielectric band edge mode (lower). 
INTRODUCTION
Recently, photonic crystal (PhC) nanobeam cavities have attracted considerable interest due to their compact size, ultrahigh Q-factors, and low mode volumes ~ (λ/n) 3 [1, 2] . Applications utilizing such PhC nanobeam cavities range from cavity quantum electrodynamics (CQED) [3] , to sensing [4] , and electrically or opto-mechanically programmable filters [5, 6] . In many of these applications, the realization of an ultrasmall effective mode volume is especially desirable. One approach for reducing the mode volume is to introduce a dielectric discontinuity, or slot, resulting in a field enhancement in the region of lower refractive index [7] . This technique has successfully been adapted in 2D PhC waveguides and cavities [8] , and only indirectly achieved in 1D nanobeam cavities by coupling two nanobeams together to form a pseudo-slot in the gap between them [9, 10] . In coupled nanobeam cavities however, each individual nanobeam contains a significant fraction of the optical power, thus limiting the minimum mode volume to ~ 0.1(λ/n) 3 for an infinitesimal slot size [10] .
In this work, we present and experimentally demonstrate a slotted PhC single nanobeam cavity in silicon, achieving a mode volume V = 0.025(λ/n) 3 and experimental Q = 7.42×10 3 . Unlike coupled nanobeam cavities, the slotted single nanobeam does not rely on the formation of an even symmetry supermode, and is therefore able to achieve a smaller effective mode volume while maintaining a simple and compact design. Further, the slotted PhC single nanobeam cavity provides a unique alternative to slotted 2D PhC cavities, featuring a smaller footprint, lower total mass (<10pg), and an overall simpler geometry.
II. DESIGN AND FABRICATION
Our primary motivation for constructing a compact and low mode volume optical cavity is to enhance device sensitivity for label-free sensing and optical switching applications. In a typical label free optical sensor, for example, analytes attach to the optical structure, thereby perturbing the optical mode and increasing the effective index to cause a spectral redshift. In traditional, non-slotted, cavities, however, analytes are only able to interact with the evanescent field, resulting in a relatively modest optical response. To improve device performance, it is important to increase field overlap with the active sensing surface or volume. Introducing a slot is an effective way to create strong fields in regions accessible to target molecules, as has been shown recently in slotted microring resonators for gas-sensing [11] and slotted 2D PhC cavities for biochemical sensing [12] . With a similar goal, our group has recently demonstrated increased sensitivity from L3 cavities incorporating nanoscaled multiple-hole defects that act as mini slot-like regions [13] . Reducing the optical mode volume is also important for sensing applications: smaller mode volumes reduce the necessary analyte volume and promote improved detection limits by enabling each molecule to provide a larger fractional perturbation to the cavity mode. In the same fashion, lower mode volumes promote reduced power thresholds for optical switching applications.
A primary challenge that is faced when introducing a finite width slot into a dielectric cavity is the potential for increasing radiation losses and reducing the overall Q-factor. Simply introducing a slot without any design tailoring can reduce the 24 WA8 (Contributed Oral) 12:00 PM -12:15 PM . To improve the Q-factor, it is important to promote a gentler confinement by implementing a tapering strategy. Appropriately designed tapers minimize the spatial frequency components of the electric field distribution residing inside the light cone, thereby reducing leakage to radiation modes [14] . In this work, we incorporate two important design choices to promote higher Q-factors while maintaining low mode volumes in slotted PhC single nanobeam cavities: (1) use of a common five-hole tapering strategy [1, 2] , and (2) use of an unterminated slot (i.e., pinch waveguide structure [15] ).
A. The pinch waveguide
As shown in the inset to Figure 1a , the pinch waveguide is composed of a slot waveguide that runs through a 1D periodic array of air holes. A dispersion relation for this waveguide structure, for quasi-TE polarization, is also shown in Figure 1a , where: a is the period, w = 1.091a the waveguide width, r = 0.335a the hole radius, ws = 0.093a the slot width, and h = 0.379a the waveguide height in the z-direction. This structure exhibits guided modes, separated by a large Δω ≈ 0.063 mode-gap. As shown in Figure 1b , the dielectric band mode is characterized by a strong slot-type confinement where the optical power density is locally enhanced in the pinch region located between air holes. Owing to its locally enhanced fields and increased field overlap within the lowindex cladding, the pinch waveguide is thus an attractive platform for constructing highly sensitive optical switches and label-free sensors with reduced mode volumes.
B. Slotted PhC single nanobeam cavity
We fabricate our devices using silicon-on-insulator (SOI) substrates with a ~212nm Si(100) device layer on a 1µm thick buried oxide. Electron beam lithography (EBL) and reactive ion etching are used to pattern the silicon device layer. The nanobeams are suspended in air by performing photolithography and localized buffered oxide etching of the buried oxide layer beneath the nanobeams. No vapor etching or critical point drying was necessary, which suggests that these cavities can likely withstand multiple cycles of wetting and drying in a microfluidic sensing environment.
The slotted PhC single nanobeam cavity is formed between two Bragg mirrors consisting of N=9 mirror segments (unit cells) of the pinch waveguide structure detailed in Fig. 1a . A lattice constant a = 559nm is used to place the dielectric band edge near 1550nm. Toward the center of the cavity, a five-hole linear taper is used where the hole radii and lattice constant are modulated from 187.5nm to 150nm and 559nm to 450nm, respectively. Outside each Bragg mirror, linear tapers are also used to promote efficient input/output coupling to slot waveguides. Across the entire device structure, a slot width of ~52nm and waveguide with of ~610nm are employed. Figure 2a shows the 3D FDTD calculated electric field distribution for the fundamental cavity mode supported by the slotted PhC single nanobeam cavity shown in Fig. 2b . Simulations reveal a theoretical Q-factor ~3.5×10 4 and ultrasmall effective mode volume ~0.025(λ/n) 3 . The ~3.5×10 4 Qfactor reported here is notably more than one order of magnitude higher than a recently proposed design with a similar slot width [16] . For appropriate applications, additional design optimization could likely increase the Q-factor into the ultra-high 10 5 -10 7 regime, although this would potentially come at the cost of a larger mode volume [17] .
III. CHARACTERIZATION/MEASUREMENT
As shown in Figure 2b , our nanobeam cavities are coupled to input/output waveguides terminating in grating couplers oriented at 90° relative to each other. With this configuration, optical transmission can be measured using a cross-polarized vertical coupling technique, depicted in Figure 3 . Since each cavity does not need to be coupled to ~mm length waveguides or probed using precisely aligned tapered/lensed fibers, this measurement strategy is convenient for enabling rapid characterization of many devices on a single chip. To measure optical transmission, light from a tunable laser is polarization controlled using a linear polarizer and half-wave plate and then focused onto the input grating coupler using a long working distance 20x objective. Using the same objective and a beamsplitter, light from the output grating coupler is collected, passed through a linear polarizer rotated 90° relative to the input polarization, and analyzed with an InGaAs photodetector camera. Figure 4 shows experimental transmission and vertical radiation spectra for the slotted PhC single nanobeam cavity. Note: our measurement technique readily enables us to isolate and measure spectra for light coming from either the output grating coupler, or the cavity itself. The measured transmission spectrum reveals a photonic band gap region of near-zero transmission, with the dielectric band edge at ~1550nm. A single high quality factor resonance is located at ~1514nm with a peak normalized transmission of ~0.12, corresponding to the fundamental cavity mode of the nanobeam cavity. The radiation spectrum also reveals this single high quality factor resonance. Lorenztian fitting of either resonance gives a measured Q-factor of Q meas ~ 7.42×10 3 .
IV. CONCLUSION
We have presented and experimentally demonstrated a slotted PhC single nanobeam cavity in silicon. This platform utilizes a slot geometry to realize an ultra-small effective mode volume ~0.025(λ/n) 3 , while maintaining a compact and simple design. To our knowledge, this represents the smallest mode volume ever achieved in an all-dielectric 1D PhC cavity while still providing a Q-factor >10 3 . Further design optimization could be used to achieve ultra-high Q-factors, >10 5 . We anticipate that the slotted PhC single nanobeam cavity could be employed to benefit a number of applications including highly sensitive label-free sensing, optical switching, and nanooptomechanics, where the ultra-small effective mode volume, high Q-factor, and large field overlap with the cladding should offer substantial improvements to device sensitivity.
